Abstract Posttranslational modifications in proteins play critical roles in synaptic plasticity and memory. In addition, the enduring form of long-term potentiation (LTP) and longterm memory require synthesis of proteins. Some of the mRNAs are present in the dendrites and are locally translated into proteins. Microtubules play critical roles in neuronal transport including the transport of mRNAs from the cell body to the dendrites. Here, we show that KCl depolarization increases acetylation of α-tubulin, a constituent of microtubules, in the CA1 region of the hippocampal slices. Furthermore, activation of N-methyl-D-aspartate receptor, a type of glutamate receptor that plays critical roles in LTP and memory, also enhances α-tubulin acetylation. These results show that acetylation of α-tubulin is modulated in an activity-dependent manner.
Introduction
Posttranslational modifications of proteins play critical roles in many cellular processes. The role of phosphorylation in synaptic plasticity and memory is well established. It is now clear that another posttranslational modification, acetylation, is also important in these processes (e.g., Roth and Sweatt 2009; Sharma 2010) . Long-term potentiation (LTP), a persistent increase in the synaptic strength, is a promising candidate for cellular mechanism of memory. In addition to posttranslational modifications, the late phase of LTP and long-term memory require synthesis of new proteins. Most of the proteins are synthesized in the cell body. The presence of polyribosomes in the dendrites (Steward and Levy 1982) raised the possibility that some protein synthesis may occur locally in the dendrites. The mRNAs for several proteins including those for calcium/ calmodulin-dependent kinase II alpha and activity-regulated cytoskeleton-associated protein (Arc) are present in the dendrites (Hirokawa 2006) . Steward et al. (1998) showed that the mRNA for immediate early gene, Arc, is targeted to the dendrites in an activity-dependent manner. The presence of mRNAs and translational machinery in the dendrites endows them with the ability to individually modulate their protein composition in response to synaptic activity. Thus, local protein synthesis provides an elegant way for synapsespecific modification. The role of local protein synthesis in synaptic plasticity is well established in different systems (Sutton and Schuman 2006) . For example, in Aplysia, local protein synthesis is required for long-term synaptic facilitation (LTF) induced by serotonin (Martin et al. 1997) . LTF is considered a cellular mechanism for memory for sensitization in this animal. In the mammalian system also, local protein synthesis plays critical roles in long-term potentiation (Kang and Schuman 1996; Bradshaw et al. 2003) .
The transport of mRNAs to the dendrites is a fundamental requirement for the local synthesis of proteins. The mRNA transport requires microtubules (Hirokawa 2006; Martin and Zukin 2006) , which provide the tracks for the transport of different components. Molecular motors associated with microtubules are involved in the transport of different cargoes including the N-methyl-D-aspartate (NMDA) receptors. Microtubules are made up of alpha-and beta tubulins. These tubulins undergo different posttranslational modifications.
Acetylation of alpha tubulin is a well-known posttranslational modification. While the critical contribution of actin, a cytoskeletal element, in LTP is demonstrated (Krucker et al. 2000; Fukazawa et al. 2003) , little is known about the role of microtubules. Microtubuledependent axonal transport contributes to mossy fiber LTP since nocodazole, a microtubule depolymerizing agent, inhibits the maintenance of LTP (Barnes et al. 2010 , but see Vickers and Wyllie 2007 for lack of effect of nocodazole on CA1 LTP). In addition, microtubule motor function is required for AMPA receptor-mediated synaptic transmission (Kim and Lisman 2001) . Furthermore, microtubule turnover is increased during contextual memory formation, and nocodazole inhibits memory formation (Fanara et al. 2010) . However, it is not known whether alpha tubulin undergoes posttranslational modification in an activity-dependent manner. In this study, we have examined the activity-dependent regulation of α-tubulin acetylation. Part of this paper has been published earlier in Society for Neuroscience meeting abstracts (Sharma et al. 2009 ).
Materials and Methods
Six-to 8-week-old male Sprague-Dawley rats were sacrificed according to the procedure approved by the Institutional Animal Ethics Committee. Hippocampal slice preparation and recovery were carried out as described earlier (Maharana et al. 2010) . Slices from both the hippocampi of an animal were pooled and randomly distributed into treatment groups, with 3-4 slices in each group. KCl treatment of hippocampal slices was performed with 90 mM KCl (Wu et al. 2001; Maharana et al. 2010) in artificial cerebrospinal fluid (aCSF) for 10 min. The concentration of NaCl in KCl-aCSF was correspondingly reduced. Thus, composition of KCl-aCSF was: 35.0 mM NaCl, 92.5 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 2 mM CaCl 2 , 1 mM MgCl 2 , and 25 mM glucose. For N-methyl-D-aspartate (NMDA; Calbiochem) experiments, hippocampal slices were treated with 100 μM NMDA in Mg ++ -free aCSF for 10 min (Levenson et al. 2004 ). The NMDA receptor blocker, 2-amino-5-phosphonovaleric acid (APV; Calbiochem) was used at 50 μM concentration (Roberson and Sweatt 1996) 30 min before and during NMDA treatment. After the treatments, area CA1 was isolated and processed for Western blotting and signal detection as described earlier (Maharana et al. 2010) . Insular cortex region was isolated based on the rat brain atlas of Paxinos and Watson (1986) and treated with 1.65 μM TSA (Calbiochem; Levenson et al. 2004 ) for 2 h. The level of acetylated p55 protein was assessed using the acetyl-lysine antibody (Cell Signaling Technology).
Alpha tubulin acetylation was assessed using the acetyl-α-tubulin (Santa Cruz Biotechnology) and α-tubulin antibody (Cell Signaling Technology). The blots were first probed with α-tubulin antibody, stripped, and re-probed with acetyl-α-tubulin antibody. The antibody stripping was performed by incubating the blot in the stripping buffer (62.5 mM Tris pH 6.8, 2% sodium dodecyl sulfate, 100 mM β-mercaptoethanol) at 65°C for 90 min, with a change of stripping buffer after 45 min of incubation. NIH Image (NIH, Bethesda, MD) software was used to quantify the band intensity. The acetyl-α-tubulin signal was divided by the total α-tubulin signal in each sample and then normalized with the control sample. Data are expressed as mean±SEM (fold control).
Data were analyzed using paired Student's t test on acetyl-α-tubulin/α-tubulin signal ratios. Differences were considered significant if p value was less than 0.05.
Results

KCI Depolarization Increases Alpha Tubulin Acetylation
Activity-dependent molecular changes in the neuronal cells contribute to synaptic plasticity and memory. KCl depolarization of neuronal cells leads to Ca ++ influx (Wu et al. 2001 ) that initiates signaling events. Thus, we examined whether acetylation of α-tubulin is regulated by depolarization. Hippocampal slices were treated with KCl, CA1 region was dissected out, and the samples were analyzed for α-tubulin and acetyl-α-tubulin immunoreactivity. We found that KCl treatment led to a significant increase in the acetylation of α-tubulin (Fig. 1) .
NMDA Receptor Activation Enhances Acetylation of Alpha Tubulin
NMDA type of glutamate receptors play crucial roles in LTP and memory (Lynch 2004) . Having shown that KCl depolarization induces α-tubulin acetylation, we next asked whether NMDA receptor activation also had any effect on α-tubulin acetylation. Figure 2 shows that treatment of the hippocampal slices with NMDA led to a significant enhancement in acetylation of α-tubulin. The effect of NMDA on α-tubulin acetylation was blocked by the NMDA receptor antagonist, APV. The NMDA receptor blocker had no significant effect on baseline α-tubulin acetylation. These results are consistent with earlier findings (Roberson and Sweatt 1996) wherein APV blocked NMDA-induced PKA activation, but had no effect on the basal level of PKA activity. Collectively, these results show that acetylation of α-tubulin in the hippocampus is regulated in an activitydependent manner.
Insular Cortex p55Ack has Same Mobility as Alpha Tubulin Swank and Sweatt (2001) have shown that Trichostatin A (TSA) enhances acetylation of a 55-kDa protein (p55Ack) in the insular cortex, a brain region involved in taste memory formation. Importantly, the acetylation of p55Ack is regulated by taste learning, suggesting its role in taste memory formation. However, the identity of this protein is not known. Given the fact that alpha tubulin acetylation is regulated in an activity-dependent manner and that TSA is known to increase alpha tubulin (a 55-kDa protein) acetylation, we wondered whether the p55Ack could be alpha tubulin. Control and TSA-treated insular cortex samples were probed with acetyl-lysine antibody or alpha tubulin antibody. We found that both acetylated p55 and alpha tubulin have identical mobility (Fig. 3) . These results suggest that the p55Ack in the insular cortex (Swank and Sweatt 2001 ) is most likely alpha tubulin.
Discussion
In this study, we show that the acetylation of α-tubulin, a component of microtubules, is regulated in an activitydependent manner. KCl depolarization as well as NMDA treatment significantly increases α-tubulin acetylation in the CA1 region of the hippocampus. KCl depolarization is commonly used to study signal transduction mechanisms and gene expression analyses in the neuronal cells (e.g., Tao et al. 1998; Wu et al. 2001; Baldassa et al. 2003) . Importantly, earlier studies have shown that KCl treatment induces LTP in the hippocampal slices (Fleck et al. 1992; Roisin et al. 1997) . NMDA receptor, a class of glutamate receptors, plays crucial roles in both LTP and memory (Lynch 2004) . Several studies have shown that blocking NMDA receptor activity inhibits LTP induction. In addition, inhibition of NMDA receptors blocks memory formation. Thus, activity-dependent acetylation of α-tubulin may play a role in synaptic plasticity and memory.
Currently, the significance of activity-dependent α-tubulin acetylation in LTP and memory is not understood. terminals is vital for their proper functioning. Local protein synthesis in the dendrites plays an important role in synaptic plasticity (Sutton and Schuman 2006) . The mRNAs are targeted to dendrites in a microtubuledependent manner (Martin and Zukin 2006; Hirokawa 2006) . The important role of microtubule acetylation in the recruitment of motor proteins has been demonstrated (Reed et al. 2006 ). In addition, Dompierre and colleagues (2007) showed that increasing α-tubulin acetylation leads to recruitment of motor proteins to microtubules and increased transport. Thus, increased α-tubulin acetylation may support neuronal transport, including the transport of mRNAs to the dendrites, and contributes to synaptic plasticity and memory. This possibility needs further investigation. In addition, it would be interesting to examine whether acetylation of α-tubulin is regulated during LTP and memory formation in the hippocampus.
